Abstract-This paper will present the model formulation and testing for the integration of renewable energy into networked ac bus microgrid. This paper presents a model of an inverter based ac microgrid that is appropriate for use in advanced control schemes, such as Hamiltonian Surface Shaping and Power Flow Control (HSSPFC). A two inverter three phase ac system with a wye connected resistor-capacitor load is developed, and an example system is presented. The model development will show the electrical power network transformation from the abc to the 0dq domain. Testing and verification procedures will also be discussed demonstrating its behavior.
I. INTRODUCTION
Recent smart grid and microgrid research activities have been in the area of controls and energy storage. A common control technique used for ac microgrid applications is frequency droop. Recently this has been expanding to microgrid controls and has led to new adaptations as in [1] - [3] , as well as modeling an inverter with the control behavior similar to a synchronous generator with slow dynamic behavior [4] . In [5] the authors had a similar system and modeling approach. However, the authors did not present control development and focused on parameter sensitivity. This paper demonstrates the model development of an ac microgrid for use in advanced control designs and distributed energy source requirements. The model is appropriate for use in a HSSPFC design [6] to determine the required distributed energy storage systems to ensure stability and performance [7] - [9] . Two ac bus microgrids coupled with a transmission line is used as an example. This model architecture can vary from 0% energy storage with transient renewable energy supplies to 100% energy storage with fossil fuel energy supplies which will be useful in the future to demonstrate the benefits and costs of networked microgrids.
II. MICROGRID MODEL
The ac microgrid model is based on two three-phase inverters that are connected to a common ac bus to power a three phase parallel resistor and capacitor load. The three phase abc system model is shown in Fig. 1 . The dc input circuit to each inverter consists of two voltage sources, a renewable/fossil derived voltage source and an energy storage voltage source. These dc voltage sources are combined into a Thevenin equivalent circuit to reduce system complexity as show in Fig. 2 . The reduction is to allow for the system equations to have a form of a skew-symmetric matrix and allow for implantation of advanced control schemes, such as HSSPFC control.
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where v dc represents the total dc voltage composed of energy sources and ideal voltage sources. Then the abc output voltage vector of the inverter under balanced conditions is
where φ v is the phase angle of the ac voltage output. For a balanced load the output currents will be
where φ i is the current phase. Then the total instantaneous 3 phase power out of the converter can be found from
The power factor of the load is cos(θ i ).
A. Reference Frame Transformations
Essential to the control algorithm development is the reduction of system complexity using a 0dq transformation. This approach is widely used in electric machine drive control systems [10] . Understanding time varying systems become difficult and computational intense when simulating in their abc domain. Because of this, reference frame transformation (RFT) is used to reduce this time varying equation to a dc like output. The idea behind RFT is to fix the perspective of the equation with the a spinning reference frame. In conventional electric machine drive system, this is either the actual rotor position or in relation, to the spinning rotor flux. The abc time domain equations are transformed using a Parks power invariant transformation
where θ is the arbitrary reference frame angle. The RFT begins with 3 phase time domain voltages and currents shown in (7) and (8) This demonstrates the total power is a related by a 3 2 relationship. It is desired to keep power equivalent in both the 0dq reference frame and in the abc domain. For the RFT, the Parks power invariant transformation achieves this objective. Transforming the time domain voltages and currents, using the Park's invariant transformation and choosing φ v = φ i = 0, their 0DQ equivalence is found from
Then the power in th 0dq frame is
It should be note by choosing the Park invariant transformation the power is equivalent in both domains, abc (9) and 0dq (13). Also note that for this balance 3 phase system the daxis voltage value is the same as the rms line-to-line voltage.
B. Inverter Model
The inverter model will need to be transformed using the Park invariant reference frame transformation described in 
transformed through (10) as
Further simplifying and applying chain rules gives the 0dq voltage
Segmenting the transformed inverter voltages in (16) into the individual terms will show that several of these term can be simplified. Term a from (16) equates to the normal voltage drop seen in the abc, where all phase resistances are equal as shown in Fig. 3 , assuming a balance system and will be referred to as R such that
Term b in (16) demonstrates the voltage drop across the line inductor, where phase inductances are all equal for a balance system and will be referred to as L such that
Term c from (16) includes a factor ( dL dθ ). Since the inductance are not dependent with the reference frame angle that term equates to zero as
Term d in (16) reduces showing a frequency dependence of cross coupling terms in the 0dq domain such that
Then the 0dq voltages are
The combined dq circuit equation is shown in Fig. 4 . Note that this model omits the 0 axis voltage and current since the 0 axis only contributes when there is system imbalance. In this work, the system is assumed to be balanced. Then the dq dynamic equations are
The full inverter equation includes the equivalent dc input circuit Fig. 2 . The relationship of the inverter input to output voltage and currents are given in where φ is the inverter output voltage angle command input. Then the resultant inverter dq voltages are
where λ is inverter output voltage magnitude command input, also known as the depth-of-modulation.
C. Load Model
The load used in the study of the system transformation is a three phase parallel resistor-capacitor wye shown in Fig. 5 and will be transformed to the 0dq domain. This transformation from the abc domain to the 0dq domain is formulated by the basic relation of voltage and current in the system. The goal of the transformation is to get all variables in the 0dq domain. The branch current
are transformed by multiply the time varying equation by RFT (10) . The transformation to resolve current in abc domain to 0dq are given as
where Y = R −1 . Then expanding the 0dq current relationship
Segmenting (30) into the individual terms shows that several of these term can be simplified. Term a from (30) equates to the normal current seen in the abc domain where (r B−a , r B−b , r B−c ) are all equal for a balance system and will be referred to as R B resulting in for a balance system and will be referred to as C B which gives
Term c in (30) includes a factor ( dC dθ ) which the capacitance is not dependent with the reference frame, therefore is zero,
Term d from (30) reduces showing that the frequency dependent cross couple term in the 0dq domain becomes
Simplifying and omitting the 0 axis equations from (30) results in
D. Microgrid System Model
In the previous section II, the model development transformations are combined into one 0dq domain system depicted in Fig. 6 . In this system, there is one additional source that represents an ideal energy storage device modeled as a current source/sink. This device is included in the model to provide an additional control input and to study the necessary control authority and energy requirements for any control technique under consideration. To model the system in more general terms, a change of notation for the states is shown as
where the state equations can be written in the compact form shown as
The variable u represent the ideal energy storage of the system and v represent renewable or fossil fuel energy sources of the system modeled as voltage sources. The inverter controls that governed its behavior are (λ, φ) and are considered as feed-forward terms in this model formulation. In this form, a non-linear controller analysis can be developed [6] . The matrices in (37) for the system under study in Fig. 6 are given as 
cos(φ1)λ1 0 
III. SIMULATION RESULTS DISCUSSION
The system model was tested and verified in three testing cases. The first case is a load step change with fixed input dc voltage reference values. The second case is a fixed load resistance and fixed feed-forward depth of modulation(λ) update time; where one inverter renewable or fossil voltage source allowed to change. The third testing case has multiple simulation runs comparing energy supplied from the inverter input energy sources. For all three cases, the system is allowed to reach steady state before the test variable is introduced. The frequency of the system is 60 Hz for all test cases. The reference angle is derived from the system frequency and used in all reference transformations. 
A. Load Step Change
The first test case is a step change in load resistance. The primary objective of this test case is a verification of the abc and 0dq transformation; in particular voltage, current, and power. The system is allowed to reach steady state conditions before the perturbation of load resistance. During this test case the control inputs were set to a fixed reference values, (λ 1 = λ 2 ; φ 1 = φ 2 = 0). The load resistance is then increased, from 2.1 Ω to 6.5 Ω, shown in Fig. 7 , resulting in a lower power and current values supplied from the inverters. The inverter output currents are shown in Fig. 8 and Fig. 9 , for abc and 0dq domains respectively and the system steady state values were verified to be accurate.
B. Inverter command update rate
The second test case is comprised of a full system analysis and in particular how the choice of update rate of the inverter control input (Δt λ1,2 ) would have on total energy supplied reference voltage value. Interesting to note in Fig. 16 is that both u 1 and u 2 have exactly the same energy profile. This will not be the same for a larger feed-forward λ update rate.
A second λ update rate simulation is studied to get a view affect of the λ update rate value on the system behavior. In this test case, the λ update rate is increased to 10 ms, an order of magnitude larger than the previous case. The dc input voltage v profile is the same as shown in Fig. 10 , however, the effect of the variation in λ can be seen by comparing the old λ profile, Fig. 11 to the new λ profile, Fig. 15 ; where discrete step changes in the λ profile are observed. Inverter 2 energy storage source (u 2 ) begins sinking current at the end of the simulation. Also, the inverter energy storage source (u 1 ) supplies about double the amount of energy than in the previous case. This is an artifact on the control of the u reference value. Further investigation into this phenomenon should be conducted where some team communication structures could be used to resolve this issue [11] . Fig. 16 shows the increased impact of the new λ update rate on the fluctuation of the u voltage.
The total energy supplied from u is shown in Fig. 18 . A few noticeable differences from the prior case are noted. The total energy change has increased significantly, more than an order of magnitude. Also the total combined energy at the end of the simulation has doubled from the prior case. This suggests that the system is sensitive to the controller update rate.
C. Feed-forward Duty Cycle Update Sweep
To see the effect of the update rate on energy storage requirements (u 1 , u 2 ), the inverter depth of modulation control (λ 1 and λ 2 ) was varied and the total combined energy requirements were observed. During this simulation, the inverter phase angle control (φ 1,2 ) was held constant. The inverter control input value was designed to be of λ 1 and λ 2 was varied from 1 ms to 25 ms update rate and is shown in Fig. 19 . This shows a clear trend that as the lambda update rate is increased, the required amount of energy storage of (u 1 , u 2 ) is also increased. The trend has a exponential behavior (y = 190 Δt λ 2 + 1.4 Δt λ + 20; where Δt λ is in ms) which was seen in the simulations where Δt λ is greater than 100 ms. The total energy supplied by the inverter input sources increased substantially. Fig. 20 shows that the choice of λ update rate coupled with the frequency of the input voltage variation will be a significant factor in energy storage requirements.
IV. CONCLUSIONS
The objective of this paper was to present the model development and verification of ac microgrid system. The system consisted of two dc to ac inverter connected to a common resistor/capacitor load. The abc time domain equations, reference frame transformation, and individual components were discussed; arriving at a new 0dq representation of the system. This system was then tested and verified using three test cases. The first case was a load step change, where both abc and 0dq quantities were compared to each other. The second case detailed the effect of the inverter control parameter, λ have on the response from the energy storage sources (u). Two different system response data were discussed. The last case was obtaining responses from a sweep of update rate values and observing the total energy need from the energy storage sources. This shows that the system was sensitive to the controller update rate, λ, causing significant changes in energy storage requirements.
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